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THALAMOCORTICAL (TC) neurons display two distinct modes of firing that depend on the arousal state of the organism (Jahnsen and Llinás 1984a) . In resting conditions, TC neurons generate repetitive, low-frequency bursts (ϳ5 Hz) of action potentials (APs) (McCormick and Bal 1997) . However, when the animal is aroused, TC neurons exhibit tonic, single AP firing (Hirsch et al. 1983; McCarley et al. 1983) .
In vitro experiments investigating tonic firing in TC neurons in multiple thalamic nuclei reveal that these neurons are able to sustain high-frequency firing in response to large depolarizing stimuli. TC neurons in laterodorsal thalamus (LDT) show sustained tonic firing at frequencies up to 400 Hz (Kasten et al. 2007 ). In addition, TC neurons in the lateral geniculate nucleus (LGN) can fire at 300 Hz (Budde et al. 2000) . TC neurons in two nuclei that project to the barrel cortex, the ventral posteromedial nucleus (VPM) and posteromedial complex (PoM), have sustained firing rates of 350 Hz and 230 Hz, respectively (Landisman and Connors 2007) . TC neurons with the "slowest" firing frequency observed to date are parafacial nucleus (Pf) neurons that fire maximally at 150 Hz (Phelan et al. 2005) . Thus TC neurons have the ability to fire a sustained train of APs at very high frequencies after a large-amplitude membrane depolarization.
The APs evoked during tonic firing of TC neurons are mediated by tetrodotoxin (TTX)-sensitive Na ϩ channels (Jahnsen and Llinás 1984b) and are repolarized via a delayed-rectifier K ϩ conductance (Trimmer and Rhodes 2004) . Tonic firing also leads to the recruitment of L-type (Ca v 1.x) high-voltage-activated (HVA) Ca 2ϩ channels (Budde et al. 1998) or N-type (Ca v 2.2) channels (Kasten et al. 2007 ). Ca 2ϩ influx through these channels results in activation of large-conductance (BK) or small-conductance (SK) Ca 2ϩ -sensitive K ϩ channels (Biella et al. 2004; Kasten et al. 2007) . The functional interplay between HVA Ca 2ϩ and BK/SK channels acts in concert to sustain high-frequency tonic firing (Biella et al. 2004; Kasten et al. 2007 ), as does calciuminduced calcium release (CICR) from ryanodine-sensitive receptors (Budde et al. 2000) .
The objective of this study was to investigate the tonic firing properties of a midline thalamic nucleus, the paraventricular nucleus (PVT), involved in cortical arousal, drug-seeking behavior (Martin-Fardon and Boutrel 2012) , and stress responses (Heydendael et al. 2011) . In contrast to other thalamic neurons, we found that PVT neurons are unable to fire a sustained train of APs above ϳ30 Hz. Larger current injections (up to 200 pA) result in a small "burst" of APs with a maximal instantaneous frequency of 50 Hz followed by entry into a long-lived depolarized state, characteristic of depolarization block (DB). Pharmacological dissection of the ionic conductances in these neurons shows that a triad of N-type voltage-gated calcium channel (VGCC), SK channels, and a standing nonspecific cation conductance (I CAN ), likely mediated by transient receptor potential (TRP) channels, contribute to the readiness of TC neurons to enter DB after modest membrane depolarization. This interplay may serve as the mechanism that underpins the small dynamic range observed in these neurons.
METHODS

Ethical Approval
The experimental protocols outlined in this report were reviewed and approved by an independent Animal Care Committee at the University of Ottawa, in accordance with the standards outlined by the Canadian Council on Animal Care.
Electrophysiology
Slice preparation. Coronal brain slices (300-m thickness) containing the PVT were obtained from 3-to 4-wk-old Sprague-Dawley rats. Animals were housed in a temperature-controlled environment under 12:12-h light-dark conditions and were decapitated in the morning (subjective quiet period). Prior to decapitation, the animals were anesthetized with an isoflurane vaporizer (Stoelting, Wood Dale, IL). After decapitation, the brain was quickly removed and placed in an oxygenated (95% O 2 -5% CO 2 ) and cooled (Ͻ4°C) artificial cerebrospinal fluid (ACSF) solution containing (mM) 126 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 26 NaHCO 3 , and 10 glucose (pH 7.3, osmolarity 300 mosM). Slices were made with a vibrating microtome (Leica VT 1000S) and incubated for Ͼ1 h in an oxygenated chamber at room temperature before use. Slices were subsequently transferred to a submerged recording chamber and superfused (2-4 ml/min) with oxygenated ACSF at room temperature.
Solutions. Voltage-clamp (VC) recordings using the whole cell patch-clamp technique were obtained with borosilicate micropipettes filled with an intracellular solution composed of (mM) 130 Cs-methanesulfonate, 10 N-2-hydroxyethylpiperazine-N=-2-ethanesulfonic acid (HEPES), 10 CsCl, 2 MgCl 2 , 2 Mg-ATP, and 0.2 GTP-Tris. Osmolarity and pH were adjusted with sucrose and CsOH, respectively, to match the external ACSF (300 mosM). Pipette resistances ranged from 4 to 7 M⍀, and a series resistance of Ͻ25 M⍀ and a drift of Ͻ10% were considered acceptable. Series resistance was compensated by 70 -75% in all cells. To prevent HVA Ca 2ϩ current rundown during the course of VC experiments, 5 mM Ba 2ϩ was substituted for the Ca 2ϩ in the external solution. Current-clamp (IC) experiments were performed on PVT neurons in acute slices with the normal ACSF described above. Recordings were obtained with borosilicate electrodes filled with a K ϩ -gluconatebased intracellular solution containing (mM) 130 K ϩ -gluconate, 10 KCl, 2 MgCl 2 , 10 HEPES, 2 Mg-ATP, and 0.2 GTP-Tris. In some experiments the K ϩ -gluconate was replaced with an equimolar substitution of K ϩ -methanesulfonate. pH was adjusted to 7.3 with 5 N KOH and osmolarity to 300 mosM with sucrose. Neurons were considered acceptable for study if the first AP elicited by a depolarizing current injection had an amplitude consistently greater than ϩ80 mV and a stable resting membrane potential (RMP), defined as ϳ5% spontaneous fluctuation from baseline (i.e., no spontaneous burst firing) with no current injected (e.g., ϳ3-4 mV at a RMP of approximately Ϫ60 mV).
Data acquisition. Electrophysiological recordings were obtained with a Multiclamp 700A amplifier (Axon Instruments, Foster City, CA) from visually identified PVT neurons (IR DIC; Leica DMLFSA). All recordings were performed at room temperature. IC and VC data were filtered at 2 kHz and sampled at 10 kHz with the pCLAMP 10 suite of software (Axon Instruments). Some recorded cells were imaged to examine their localization within the PVT. Lucifer yellow or Alexa Fluor 594 (30 M) was added to the internal solution for morphological analysis using confocal or two-photon (2P) microscopy. Both confocal and 2P images were acquired with Olympus FV-1000 software (Olympus, Melville, NY). Image stacks were gathered in optical sections of 0.7-1 m, with an X-Y sampling interval between 0.05 and 0.1 m/pixel, and reconstructed with ImageJ (Schneider et al. 2012; Soares et al. 2013) .
Data Analysis
Analysis of current amplitudes, time courses, and AP profiles was performed "off-line" with Clampfit 10.2 (Axon Instruments). APs were selected for analysis with an automated threshold method in Clampfit with the threshold set to 0 mV (approximately Ͼ60 mV depolarization). The AP was deemed to be finished when the membrane potential fell below Ϫ40 mV and the threshold detection algorithm "reloaded." The analysis was repeated with a Ϫ20 mV threshold (and a Ϫ40 mV "reload" point) with no significant changes to the conclusions drawn from the data. To generate smoothed threedimensional (3D) instantaneous frequency plots, the time of peak of each AP was measured, averaged, and then converted into a raster plot. With a custom MATLAB script based on the sskernel function (Shimazaki and Shinomoto 2010) , this raster plot was converted into a smoothed Gaussian plot and graphed. Pooled data were analyzed for statistical significance either with a two-tailed, paired Student's t-test or via ANOVA. In both cases, a P value of Ͻ0.05 was considered statistically significant. All values are expressed as means Ϯ SE.
Drugs
TTX, apamin, paxilline (Pax), and UCL 2077 were purchased from Sigma-Aldrich. Flufenamic acid (FFA) was purchased from Tocris Cookson (Bristol, UK). Lidocaine N-ethyl bromide (QX-314), -agatoxin IVA (AgTx), nifedipine (Nif), and -conotoxin GVIA (CnTx) were purchased from Ascent Scientific (Princeton, NJ).
RESULTS
Basic Properties of PVT Neurons in Current Clamp
A characteristic feature of all thalamic neurons is their ability to fire APs in two firing "modes," tonic and burst (Jahnsen and Llinás 1984a) . Previous work by other laboratories has demonstrated that PVT neurons also exhibit this firing behavior, and burst firing has been well described in these neurons (Hermes and Renaud 2011; Kolaj et al. 2007 ). However, tonic firing of PVT neurons has not been characterized.
We first examined the characteristics of tonic firing in PVT neurons by monitoring AP behavior of these cells after direct current injections (1-s duration) in whole cell IC recordings in acute slices. A previous report (Zhang et al. 2006a) suggests that the firing properties of PVT neurons are influenced by the composition of the internal solution. To account for this, we performed experiments using either K ϩ -gluconate or K ϩ -methanesulfonate solutions (see METHODS). We did not detect any significant difference in tonic firing between the two solutions (n ϭ 10; not shown). As a result, we pooled the data and carried out all subsequent IC experiments with a K ϩ -gluconate-based internal solution (see METHODS). The RMP of PVT neurons was Ϫ59.9 Ϯ 0.31 mV (n ϭ 72), with an input resistance of 274 Ϯ 65 M⍀ (n ϭ 72 neurons).
The data in Figs. 1 and 2 show that after current injections between 20 and 100 pA PVT neurons fire sustained trains much like their counterparts in other thalamic nuclei both in vitro (Kasten et al. 2007 ) and in vivo (Calton and Taube 2005; Komura et al. 2001) . Figure 1A shows the first and last pair of APs at 20-, 50-, and 100-Hz trains on a short time base.
In the 72 cells tested, the amplitude of the first AP was 96.5 Ϯ 1.22 mV and was independent of current injection (Fig. 1B) ; however, the amplitude of the last AP significantly decreased with increasing stimulus intensity (Fig. 1B) . In addition, there was an increase in the interspike interval (ISI) between the first pair and the last pair of spikes in the train (Fig. 1D ). This was also intensity dependent, with the ISI of APs at the start and end of the train increasing with increasing current injection (Fig. 1D) . Finally, a change in spike half-width was observed (Fig. 1C) , with APs at the start of the train having significantly shorter half-widths compared with those at the end of the train. In addition, there was an increase in the overall frequency of APs in the train with increasing current injection, from 7.8 Ϯ 0.51 Hz at 20 pA to 15 Ϯ 0.6 and 23 Ϯ 0.5 Hz at 50-and 100-pA injections, respectively. Taken together, these results show that PVT neurons display properties of tonic firing that are superficially similar to those observed in other thalamic nuclei. However, the spike broadening and ISI increase during the train were markedly different from those observed in other thalamic nuclei, e.g., LDT, where the APs maintain consistent width and frequency throughout the duration of the train (Kasten et al. 2007 ). Overall, this suggests that the mechanism behind tonic firing in PVT neurons may differ from other regions of the thalamus.
Further analysis of tonic firing in these PVT neurons revealed some unique characteristics. Most striking was the inability of PVT neurons to fire continuously at current injections above 120 pA. Above this current injection (up to a maximum of 200 pA), we observed a decrease in the number of APs generated, significant broadening of their duration, and the clear emergence of a plateau potential, all features characteristic of DB. As a result, the "DB-inducing current injection" in PVT neurons was defined as the current injection required to induce DB (i.e., 123 Ϯ 0.67 pA; n ϭ 72; Fig. 2A ). The resultant decrease in the number of APs and the change in instantaneous firing frequency that occurs when the neuron enters DB is shown in the raster (Fig. 2B ) and 3D AP instantaneous frequency (Fig. 2C) plots. After DB, a plateau potential was observed, the amplitude of which (Ϫ25.8 Ϯ 0.63 mV) was unaffected by current injection beyond that inducing DB. A small subpopulation of PVT neurons (8 of 80; 10%) fired continuously at all current injections (from 20 to 200 pA) without exhibiting any signs of DB ( A: raw data trace showing the effect of a 1-s depolarizing current injection on burst firing in a typical PVT neuron. At current injections above ϳ120 pA, a "plateau potential" is observed. Scale bar, 100 ms and 20 mV. B: raster plot showing AP start times during the current injection. C: this raster plot is then converted to a 3-dimensional (3D) AP instantaneous frequency plot used to plot current injection (I) against time against instantaneous frequency. Raster and Gaussian plots show means of 72 cells.
neurons were located throughout the PVT and had input resistances (298 Ϯ 5.3 M⍀, n ϭ 8) and RMP (Ϫ61.2 Ϯ 4.7 mV) similar to typical PVT neurons. In addition, they exhibited morphology similar to typical PVT neurons when filled with Alexa Fluor 594 ( Fig. 3A) , with an ovoid soma and two major primary dendrites. The 3D AP instantaneous frequency plot of atypical PVT neurons is shown in Fig. 3D , which is markedly different from the frequency curve observed for the overwhelming majority of neurons ( Fig. 3C is a duplicate of Fig.  2C to facilitate comparison). We excluded these atypical neurons from further analysis in this study.
Biophysical Properties of HVA Calcium Channels in PVT Neurons
Activation of HVA Ca 2ϩ channels is necessary for highfrequency tonic firing in thalamic neurons (Budde et al. 2000) . Therefore, we performed VC experiments to ascertain the subtypes of HVA Ca 2ϩ channel that are functionally expressed in PVT neurons. Our preliminary data were consistent with previous work, as we observed significant rundown of the HVA Ca 2ϩ current when 2 mM Ca 2ϩ was used as the charge carrier (Fishman and Spector 1981; Hagiwara and Byerly 1981) . Thus subsequent experiments were performed with 5 mM Ba 2ϩ replacing Ca 2ϩ as the dominant divalent cation. Figure 4A shows a typical current-voltage (I-V) relationship for HVA Ca 2ϩ channels in a PVT neuron clamped at Ϫ60 mV. Voltage jumps of 500-ms duration were performed at 1-s intervals from Ϫ100 mV to ϩ50 mV in 5-mV increments, although for clarity, only five jumps are shown in Fig. 4A . Note that after a hyperpolarizing step to Ϫ100 mV, an inward current mediated by low-voltage-activated (LVA) Ca 2ϩ chan- No significant morphological differences were observed between the 2 neurons. B: raw data trace of a nonbimodal PVT neuron exhibiting sustained tonic firing throughout the duration of the current injection (1 s at 50, 100, 150, and 200 pA). This pattern of firing was observed in 8 of our 80 cells (10%). C: 3D AP instantaneous frequency plot, clearly illustrating the bimodal nature of tonic firing in PVT neurons. This is not seen in the 3D frequency curve for those neurons that showed sustained firing (D). TONIC FIRING OF PVT NEURONS nels can be clearly observed following repolarization to Ϫ60 mV. At membrane potentials more depolarized than Ϫ60 mV, we expected that there was little contribution of LVA channels to the total current, as ϳ90% of LVA channels are inactivated at Ϫ60 mV (Dreyfus et al. 2010 ). We therefore hypothesized that these Ca 2ϩ currents were mediated solely by HVA Ca 2ϩ channels. A full I-V plot is shown in Fig. 4B , with the amplitude of the Ca 2ϩ current at each membrane potential normalized to the peak Ca 2ϩ current obtained during the 500-ms step in that particular neuron. Peak inward currents were elicited after membrane depolarization to Ϫ10 mV with a reversal potential of ϩ18 Ϯ 3.6 mV (n ϭ 5). PVT neurons were clamped at Ϫ60 mV, and 500-ms current steps between Ϫ100 and ϩ50 mV were elicited in 5 mV increments.
Red line shows the low-voltage-activated (LVA) current elicited after repolarization from Ϫ100 mV. B: pooled I-V data from 5 PVT neurons with amplitudes normalized to peak HVA current in each particular neuron.
Reversal potential for the HVA currents was ϩ18 mV. V m , membrane potential. C: illustration of the "doublestep" protocol used to isolate both LVA and HVA currents based on V m and channel kinetics. HVA currents were measured 200 ms after the step to Ϫ10 mV, at which point there is negligible contribution of LVA channels. D: raw data trace showing the effect of 200 M Cd 2ϩ on PVT calcium current in voltage clamp. HVA current is reduced to ϳ95% of control during a 250-ms step from Ϫ100 to Ϫ10 mV and only recovers to ϳ50% of control after washout. E: pooled data showing the effect of Cd 2ϩ on HVA voltage-gated calcium channels (VGCCs) in PVT. F: effect of blocking L-type [nifedipine (Nif)], P/Q-type [-agatoxin-IVA (AgTx)], N-type [-conotoxin-GVIA (CnTx)], and all (Nif, AgTx, and CnTx combined) HVA calcium channels. G: pooled data from at least 5 separate cells showing that each calcium channel subtype (L, P/Q, and N) mediates ϳ1/3 of the total calcium current in PVT neurons. Data are means Ϯ SE from at least 5 neurons in each condition.
Pharmacological Properties of HVA Calcium Channels in PVT Neurons
A pharmacological approach was used in order to investigate HVA channels in the PVT. We used a "double-step" protocol to evoke Ca 2ϩ currents mediated by LVA and HVA VGCCs together (Robbins et al. 2003) . We reasoned that the LVA current would act as an active control for experiments designed to investigate the pharmacology of HVA channels and vice versa. In these experiments, PVT neurons were stepped down from Ϫ60 mV to Ϫ110 mV for 500 ms to deinactivate both LVA and HVA channels (Fig. 4C ). They were then jumped to Ϫ40 mV to elicit an inward current mediated by LVA Ca 2ϩ channels, before repolarization to Ϫ110 mV. After an additional 500 ms at Ϫ110 mV, neurons were depolarized to Ϫ10 mV for 250 ms to elicit a "mixed" HVA and LVA current. For clarity, we only show the step from Ϫ110 mV to Ϫ10 mV in the raw current traces shown in Fig. 4 , D and F. In addition, the HVA current was quantified 200 ms into the voltage step, as we reasoned that recording the amplitude 200 ms into the voltage step would result in an adequate separation of LVA and HVA conductances given the high speed of T-type VGCC inactivation observed in native neurons (Perez-Reyes 2003) . Indeed, by fitting the decay kinetics of the LVA currents onto the combined LVA/HVA current (Fig. 4C) , we found that the contribution of LVA channels is negligible at time intervals Ͼ 50 ms following the depolarizing pulse to Ϫ10 mV. Figure 4D shows the effect of bath application of the nonspecific HVA Ca 2ϩ channel blocker cadmium (Cd 2ϩ ; 200 M) on Ca 2ϩ channels in PVT neurons. Bath application of Cd 2ϩ blocked 88.3 Ϯ 1.6% of the HVA current ( Fig. 4E ; n Ն 5 cells) and 10.5 Ϯ 4.7% of the LVA current, as would be expected for a divalent cation that is more potent at HVA Ca 2ϩ channels compared with LVA Ca 2ϩ channels (Fox et al. 1987 ). Even after extended washout of Cd 2ϩ , we were unable to recover the HVA Ca 2ϩ current to Ͼ50% of the control response (Fig. 4E) . To further confirm that the inward currents we observed were mediated by VGCC, we repeated the double-step experiments in the presence of 500 M Ni 2ϩ , a potent blocker of LVA, but not HVA, Ca 2ϩ channels. In these experiments, Ni 2ϩ reduced the LVA current by 95.3 Ϯ 0.4%, while HVA currents were only reduced by 12.6 Ϯ 3.5% (data not shown).
We then sought to pharmacologically identify the subtypes of HVA Ca 2ϩ channel(s) expressed on PVT neurons by bath application of Nif (10 M), AgTx (100 nM), or CnTx (50 nM) to block L-, P/Q-, and N-type VGCCs, respectively (Fig. 4F) . The bar histogram in Fig. 4G shows that PVT neurons express all three Ca 2ϩ channel subtypes in roughly equal proportions (L-type ϭ 28.3 Ϯ 3.63%, P/Q-type ϭ 29.8 Ϯ 1.98%, N-type ϭ 36.5 Ϯ 4.56%; n Ն 5 cells for each antagonist), with the remaining current likely carried by R-type VGCCs.
Calcium Influx Through N-Type Channels Modulates Tonic Firing in PVT Neurons
As activation of HVA Ca 2ϩ channels regulates tonic firing in thalamic neurons , we investigated the roles of HVA Ca 2ϩ channels in the tonic firing properties of PVT neurons by blocking HVA channels with bath application of 200 M Cd 2ϩ . Burst firing (elicited after hyperpolarization of the neuron to Ϫ100 mV for 500 ms and subsequent repolarization to Ϫ60 mV) was qualitatively unaffected in the presence of 200 M Cd 2ϩ (Fig. 5A ). In contrast, Cd 2ϩ profoundly altered tonic firing behavior of PVT neurons. Indeed, in the presence of Cd 2ϩ , membrane depolarizations induced a shortlived (Ͻ100 ms) train of high-frequency APs that was followed by a plateau potential (to approximately Ϫ35 mV). However, the amplitude of the APs during the train rapidly and robustly decayed (Fig. 5D) , indicative of premature entry into DB rather than classical spike frequency adaptation (SFA). This behavior was reversed after washout of Cd 2ϩ (Fig. 5E ). As our VC data demonstrate that PVT neurons express L-, N-, and P/Q subtypes in approximately equal proportions (Fig.  4, E and F) , we then determined the relative contribution of each VGCC subunit to tonic firing. As illustrated in Fig. 6A , application of Nif (10 M) had little effect on tonic firing elicited by a 100-pA current injection either alone (Fig. 6, B and C) or in concert with AgTx (100 nM; Fig. 6D ). However, bath application of CnTx (50 nM) in conjunction with Nif and AgTx resulted in a significant change in firing pattern (Fig.  6E) , both in terms of DB-inducing current injection (121 Ϯ 5.3 pA in control and 50.3 Ϯ 5.43 pA) and peak instantaneous frequency. The robust reduction in DB-inducing current injection was also observed when CnTx was bath applied alone (Fig. 6 , F and G; n ϭ 4), and there was little effect of subsequently blocking L-and P/Q-type VGCCs. Thus we provisionally interpreted these data as indicating that tonic firing of PVT neurons is strongly regulated by Ca 2ϩ -activated K ϩ conductances downstream of Ca 2ϩ entry through VGCCs, in particular N-type channels. Furthermore, relief of this inhibition by pharmacological blockade of Ca 2ϩ entry prematurely sends the neurons into DB, leading to the termination of tonic firing.
Chelating Intracellular Ca 2ϩ Abolishes Tonic Firing in PVT Neurons
One possible interpretation for the significant decrease in DB-inducing current injection following blockade of N-type VGCCs with either Cd 2ϩ or CnTx would be that the charge effect of Ca 2ϩ ions per se would significantly contribute to the depolarization of these cells following VGCC gating. To differentiate between this possibility and the secondary activation of Ca 2ϩ -dependent K ϩ conductances downstream of VGCC activation, we carried out recordings with intracellular Ca 2ϩ chelated by 20 mM BAPTA in the internal solution. Tonic firing was initiated immediately after whole cell configuration was obtained and repeated for up to 40 min (Fig. 7A) . After ϳ20 min of recordings (allowing for full dialysis of intracellular BAPTA), depolarizing current injections between 20 and 200 pA elicited only a single spike that was followed by a sustained membrane depolarization throughout the duration of the step (Fig. 7A, middle) . Intriguingly, we noticed that whereas the firing of PVT neurons in response to current injection was nearly entirely abolished in the presence of intracellular BAPTA, a small depolarizing potential gradually developed during current injection (Fig. 7A ). This slowly building depolarization (illustrated in Fig. 7B ) had an amplitude of ϩ11.5 mV (calculated by subtracting the membrane potential at the beginning of the pulse from that at the end of the pulse following a current injection of 200 pA). Interestingly, bath application of Cd 2ϩ abolished this slow depolar-ization. Moreover, pairs (or triplets) of APs were now elicited at the beginning of the train as opposed to single spikes (Fig.  7A, bottom) . This effect was consistent for all PVT neurons tested (n ϭ 6), and the lack of sustained depolarization is clearly evident in Fig. 7C . Thus the effects of intracellular Ca 2ϩ chelation with BAPTA on the firing behavior of PVT neurons were highly analogous to those elicited by application of Cd 2ϩ /CnTx. Although it is difficult at present to fully account for the slow depolarization outlined above, these data nevertheless show that intracellular Ca 2ϩ is likely regulating a secondary Ca 2ϩ -dependent conductance that modulates firing of PVT neurons.
Afterhyperpolarizing Potential Only Modestly Affects Firing Behavior of PVT Neurons
Thus far, our results show that a Ca 2ϩ -dependent conductance downstream of N-type VGCCs plays a significant role in controlling tonic firing of PVT neurons. One such conductance may be a Ca 2ϩ -dependent K ϩ conductance carried by activation of BK or SK channels (reviewed by . Both BK and SK channels are expressed at a high density in TC neurons (Sausbier et al. 2006; Stocker and Pedarzani 2000) , and tonic firing of LDT neurons is modulated by the downstream activation of SK and BK channels by Ca 2ϩ influx through HVA channels (Kasten et al. 2007 ). Furthermore, ventrobasal TC neurons are able to couple Ca 2ϩ influx via HVA channels to BK channel activation (Biella et al. 2004 ). In light of these findings, we decided to investigate the role of BK and SK channels on tonic firing in PVT neurons.
First, we determined the effects of the BK channel blocker Pax (20 M) on the firing behavior of PVT neurons (Fig. 8) . Bath application of Pax induced a modest reduction in instantaneous frequency at all current injections (58.5 Ϯ 0.84 Hz in control and 52.6 Ϯ 0.59 Hz with Pax at 200 pA; 40.5 Ϯ 0.73 Hz in control and 31.9 Ϯ 1.20 Hz with Pax at 100 pA) and did not significantly alter DB-inducing current injection (113 Ϯ 9.0 pA in control and 123 Ϯ 19.2 pA in Pax). As expected, bath application of Pax led to a significant increase in spike halfwidth at the end of a train elicited with a 100-pA current injection (5.06 Ϯ 0.24 Hz in control and 6.05 Ϯ 0.39 Hz at 100 pA) but not at the start (2.32 Ϯ 0.19 ms in control and 2.46 Ϯ 0.05 ms; not shown). These data suggest that while BK channel activation modulates spike width, as reported for BK channels in the thalamus (Kasten et al. 2007 ), amygdala , and hippocampus (Lancaster and Nicoll 1987) , it only marginally affected the firing behavior of PVT neurons in response to prolonged current injection.
Second, we investigated the effects of the medium afterhyperolarizing potential (AHP) blocker apamin on firing of PVT neurons. Bath administration of apamin robustly reduced the amplitude of the AHP that followed the AP train (Fig. 9, A and  E) . Surprisingly, however, apamin did not allow us to kinetically discriminate the medium AHP from the slow AHP. Rather, both components of the AHP were abolished after bath administration of apamin. In some neurons, a slow afterdepolarization (ADP)-like membrane potential was observed after the AP train in the presence of apamin. Nonetheless, we found that the peak frequency after low current injection was only marginally increased in the presence of apamin and was decreased after a maximal (200 pA) current injection. In addition, apamin significantly decreased the DB-inducing current injection from 123 Ϯ 9.4 pA in control to 72 Ϯ 6.1 pA ( Fig. 9 ; n ϭ 10). Therefore, whereas apamin induced alterations of the firing behavior of PVT neurons qualitatively similar to those elicited by Cd 2ϩ or CnTx (i.e., decrease in DB-inducing current injection and block of AHP), the magnitude of these changes was much more subtle than that induced by VGCC blockade. This suggests that intracellular Ca 2ϩ is regulating an additional conductance along with the SK family of ion channels.
UCL 2077 is a blocker of the slow AHP (Shah et al. 2006 ), although its molecular target is unclear (Soh and Tzingounis 2010) . In keeping with a previous report (Zhang et al. 2006b ), bath application of UCL 2077 to PVT neurons reduced the (Fig. 9H) . Intriguingly, the slowly relaxing depolarization described above at the end of the AP train in the presence of apamin was also observed in neurons treated with UCL 2077. However, bath administration of UCL 2077 induced only a modest alteration in firing behavior at low current injection and decreased the DB-inducing current injection from 122 Ϯ 24 pA to 70 Ϯ 13 pA. This behavior was highly analogous to that seen with apamin but again of much less magnitude than that seen with VGCC blockade. To unambiguously ascertain the role of the AHP in modulating the firing behavior of PVT neurons, we further tested the effects of bath administration of both (i.e., simultaneous) apamin and UCL 2077 and found that their effects on the firing behavior were not additive (n ϭ 5; data not shown). Altogether, the results from these experiments show that blocking the AHP only modestly altered the firing of PVT neurons. Thus the robust effects on the firing behavior of PVT neurons induced by VGCC blockade can only be partially accounted for by the inhibition of the Ca 2ϩ -activated K ϩ conductances mediating the AHP, prompting us to investigate the roles of other Ca 2ϩ -mediated processes in shaping firing of PVT neurons.
Ca 2ϩ Release from Intracellular Stores Does Not Regulate Tonic Firing of PVT Neurons
CICR from intracellular stores contributes to sustained tonic firing in many thalamic nuclei (Budde et al. 2000) . Therefore, we hypothesized that Ca 2ϩ release from intracellular stores may be regulating some aspects of tonic firing behavior in PVT neurons. To test this possibility, we depleted intracellular stores by pretreating the slice with the SRCA pump blocker cyclopiazonic acid (CPA; 100 M) for at least 2 h before recording. In addition, the slice was perfused with CPA for the duration of the recording to avoid any confounds introduced by the washout of CPA. CPA did not robustly alter the firing pattern of PVT neurons in response to current injection (Fig. 10) . We observed a slight but significant decrease in instantaneous frequency at current injections between 20 and 110 pA (Fig.  10 , B and C) in neurons that were incubated in CPA (e.g., 23 Ϯ 0.5 Hz in control and 19 Ϯ 2.4 Hz in CPA after a 100-pA current injection) but no significant change in DB-inducing current injection or AHP amplitude (Fig. 10D) . Our data show that intracellular stores contribute little to tonic firing in PVT neurons, suggesting that these neurons do not exhibit tight coupling between HVA Ca 2ϩ channels and stores, a phenomenon that is observed in LGN TC neurons .
A Standing Nonselective Cation Current (I CAN ) Controls Spike Frequency Adaptation in PVT Neurons
We next tested the potential presence in PVT neurons of a nonselective cation conductance I CAN , whose gating can be modulated by Ca (Fig. 11F) , suggesting the presence of a standing I CAN in these cells. Moreover, FFA led to the genesis of robust SFA (Fig. 11A, middle) in response to direct current injection. Indeed, the reduction in AP frequency induced by FFA, contrary to that induced by Cd 2ϩ or CnTx, did not appear to reflect the genesis of DB but rather genuine SFA, since AP height and width throughout the current injection were minimally affected. Intriguingly, this enhanced frequency adaptation was accompanied by a paradoxical reduction in the amplitude of the AHP, even when expressed as a function of the number of generated APs as opposed to current injection (e.g., 15 APs in control elicited a Ϫ8.13 Ϯ 0.45 mV AHP but Ϫ2.13 Ϯ 0.51 mV in FFA). Thus FFA allowed for the development of classical SFA and prevented (or profoundly delayed) PVT neurons from entering DB in response to current injection (Fig. 11, B and C) .
The enhanced SFA of PVT neurons induced by FFA is surprising inasmuch as FFA concomitantly reduced the amplitude of the AHP. However, whereas FFA reduced the AHP, it did not block it and a residual AHP of ϳ2 mV was still observed in the presence of FFA (Fig. 11E) . In principle, this residual AHP could mediate the robust SFA observed in these conditions. To experimentally address this possibility, we tested the effects of adding the AHP blocker apamin to cells already treated with FFA. Whereas the addition of apamin (along with FFA) increased the peak instantaneous frequency observed in the depolarization step, the neurons rapidly entered DB at current injections Ͼ30 pA, settling to a plateau potential of Ϫ10.9 Ϯ 6.75 mV (n ϭ 5). Furthermore, the amplitude of APs in these conditions was robustly reduced (from 94.5 Ϯ 4.19 mV after a 100-pA injection in control to 77.3 Ϯ 2.13 mV in FFA ϩ apamin), and the slow ADP-like membrane potential relaxation at the end of the AP train observed in the presence of apamin alone (Fig. 9A) was abolished in cells treated with FFA and apamin together (Fig. 11A) . Thus the peculiar behavior of membrane potential following a train of APs in conditions where the AHP was blocked arises from the activation of an FFA-sensitive standing I CAN . Altogether, the combined administration of FFA and apamin to PVT neurons modulated the firing behavior of PVT neurons in a fashion that is both qualitatively and quantitatively similar to that observed after blockade of Ca 2ϩ entry through N-type VGCC on these neu- rons. The high propensity of PVT neurons to enter DB regimen is thus at least partly mediated by the presence of a standing I CAN that masks the ability of the AHP to effectively dampen the firing of these neurons.
DISCUSSION
We report here that the firing behavior of PVT neurons to depolarizing steps is drastically different than that previously reported for neurons in other thalamic regions. The hallmark distinction for PVT neurons lies in their remarkably high propensity to enter DB. This feature can, at least in part, be accounted for by Ca 2ϩ -activated K ϩ conductances in conjunction with a standing I CAN downstream of Ca 2ϩ influx through N-type VGCCs. The interplay between these conductances imparts PVT neurons with a steep input/output gain but concomitantly imposes a relatively narrow dynamic range of firing that is limited by a strong propensity to enter DB. Collectively, these features endow PVT neurons with unique integrative properties and impart a role for PVT neurons as a low-pass filter in response to afferent input.
We show that PVT neurons express a whole cell HVA Ca 2ϩ current that is mediated by L-, N-, and P/Q-type VGCCs in roughly equal proportions. Such an even contribution of Ca 2ϩ channel subfamilies to the whole cell Ca 2ϩ current has been shown in large pyramidal cells dissociated from the amygdala (Foehring and Scroggs 1994) and in LGN TC neurons (Hernández-Cruz and Pape 1989), whereas HVA Ca 2ϩ currents in other thalamic nuclei are mediated by one predominant type of VGCC (Fox et al. 1987; Kammermeier and Jones 1997) . In TC neurons in several thalamic nuclei, the blockade of HVA Ca 2ϩ channels either by Cd 2ϩ or by selective toxins leads to an increase in sustained tonic firing frequency (Cheong et al. 2008; Kasten et al. 2007 ). In contrast, blockade of HVA Ca 2ϩ channels by either Cd 2ϩ (Fig. 4) or CnTx (Fig. 6 ), or chelating intracellular Ca 2ϩ with BAPTA ( Fig. 7) , results in a profound reduction in firing frequency due to the development of DB in PVT neurons. We interpret this paradoxical finding as resulting from DB (rather than from an enhancement of classical SFA) primarily for two reasons: 1) the width and amplitude of the APs observed were strongly broadened and diminished when firing was slowed and 2) the instantaneous firing frequency of the APs early in the depolarizing pulse (i.e., just preceding entry into DB) was momentarily enhanced after HVA channel blockade. In summary, our data suggested that Ca 2ϩ influx through VGCCs activates one (or several) Ca 2ϩ -dependent conductance(s) that profoundly negatively regulates the firing of PVT neurons by facilitating their entry into DB, a novel firing behavior that is drastically different from that observed in other thalamic neurons.
A number of Ca 2ϩ -activated K ϩ conductances have been shown to strongly modulate the firing behavior of several types of neurons throughout the brain and could be targeted by Ca 2ϩ influx through VGCCs to regulate the firing of PVT neurons. Our search to identify the nature of this conductance was surprisingly arduous since pharmacological blockade of sensible candidate channels was mostly ineffective in mimicking the effects of VGCC blockade on tonic firing. For instance, we found that PVT neurons express a large apamin-and UCL 2077-sensitive AHP that is abolished after blockade of VGCCs (Figs. 4 and 6) . However, abolition of the AHP with apamin and/or UCL 2077 only marginally affected the firing of PVT neurons. Likewise, blocking BK channels that mediate the fast AHP in TC neurons Tóth and Crunelli 1997) had only a modest effect in shaping the firing of PVT neurons despite significantly broadening AP width, as expected Lancaster and Nicoll 1987) . Finally, a putative role of CICR was investigated in light of a previous report that has shown efficient coupling between HVA channels and ryanodine-sensitive CICR stores in LGN neurons (Budde et al. 2000) . However, CICR minimally modulated tonic firing (Fig. 10) , showing that HVA channels and CICR are not efficiently coupled in these neurons.
Channels of the TRP superfamily of proteins form nonselective cation conductances (Guinamard et al. 2011) . Both Ca 2ϩ permeability and direct gating by Ca 2ϩ are biophysical characteristics of these channels that depend on subunit composition. We reasoned that activation of a TRP-like conductance might modulate the firing of PVT neurons, as the hyperpolarization observed after blockade of TRP channels by FFA (Fig. 11) shows that a standing I CAN is present. To date, the molecular identity of the channel subserving a standing I CAN is unclear, but TRPC3, TRPC5, or TRPM4/5 channels have been implicated in several neuronal subtypes (Cvetkovic-Lopes et al. 2010; Zhou et al. 2008 ). This FFA-sensitive conductance appears to provide a robust depolarization to PVT neurons since its blockade prevents the neurons from reaching DB and unmasks a strong apamin-sensitive SFA. However, further pharmacological and biophysical dissection will be required to fully elucidate the details of the interaction between N-type VGCCs and SK and TRP channels and the molecular identity of the particular channels involved.
Thalamic neurons are said to exhibit bistability, that is, the coexistence of two firing modes in one neuron. For a typical TC neuron, these two firing states are tonic (single spike) and burst Llinás 1984a, 1984b; McCormick and Bal 1997) firing. Here we show that the tonic firing of PVT neurons is itself characterized by a remarkably high propensity to enter DB. This phenomenon was observed initially in motoneurons (Guttman et al. 1980; Hounsgaard et al. 1984) , where it is hypothesized to control posture. It has also been extensively studied in dopaminergic (DA) neurons in the substantia nigra (Blythe et al. 2009; Richards et al. 1997) , where it can result in a long-lasting silent state (Dovzhenok and Kuznetsov 2012) . A facilitation of DB, leading to "silencing" of nigrostriatal neurons, has been proposed as a mechanism by which antipsychotic drugs exert their effects (Boye and Rompre 2000; Grace et al. 1997; Valenti et al. 2011) .
Therefore, a mechanism that turns "off" or limits neuronal hyperexcitability in the PVT may have consequences for adaptations to repeated stress. It is well established that the neuropeptide orexin is important for maintaining states of behavioral arousal (Carter et al. 2009; Sakurai 2007) , and orexinergic neurons have been shown to be more active during periods of stress (Espana et al. 2003; Furlong et al. 2009 ). The PVT is unique among thalamic nuclei in that it receives a dense orexinergic input (Kirouac et al. 2005) , and activation of orexin receptors on PVT neurons leads to robust tonic firing (Kolaj et al. 2007) . Thus exposure of an animal to a new stressor leads to an increase in firing of PVT neurons due to an increase in orexinergic signaling. Behavioral work using in vivo models suggests that PVT neurons fire less after habituation to a repeated stressor but facilitate the response to a novel stressor (Heydendael et al. 2011 ). While we do have to consider that ϳ10% of PVT neurons do not undergo DB and may have a hitherto unknown role in mediating stress responses, it is tempting to speculate that typical PVT neurons that are "habituated" undergo DB while other PVT neurons would be free to fire in response to a novel stressor.
In conclusion, we show that PVT neurons display a uniquely small dynamic range as they readily enter DB (and therefore turn "off") at stimulus intensities far smaller than other TC neurons in the CNS. This has implications for information transfer from the PVT to other brain regions, especially given the pivotal role of the PVT in stress responses, arousal, and drug-seeking behavior.
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